In recent years, our understanding of motor learning, neuroplasticity and functional recovery after the occurrence of brain lesion has grown significantly. Novel findings in basic neuroscience have provided an impetus for research in motor rehabilitation. The brain reveals a spectrum of intrinsic capacities to react as a highly dynamic system which can change the properties of its neural circuits. This brain plasticity can lead to an extreme degree of spontaneous recovery and rehabilitative training may modify and boost the neuronal plasticity processes. Animal studies have extended these findings, providing insight into a broad range of underlying molecular and physiological events. Neuroimaging studies in human patients have provided observations at the systems level that often parallel findings in animals.
Introduction
For long time it has been believed that the hardware of the brain is exactly "hard", that once an incident such as stroke happens, brain structures and functions are lost forever. Clinically, the most successful therapy to further enhance functional recovery is rehabilitative training. Re- 
Brain Plasticity and Rehabilitation in Animals
Takatsuru et al. showed that novel neuronal circuits mediating the response to sensory vibratory stimulation of the impaired limbs developed in the intact somatosensory cortex over the first weeks after focal infarction and became established by 4 weeks by using current source density analysis technique 7 . F-MRI studies concentrating on the affected upper limb in rats have described a shift in laterality of activation after stroke such that early after stroke, brain activation during affected paw stimulation is mainly in the contralesional cortex, later after stroke activity shifts toward the normal pattern, that is the ipsilesional cortex 8 10 found that the larger the ischemic insult the stronger the activity in the contralesional M1
(primary motor cortex). In accordance with human stud- Other changes can arise in injured areas distant from stroke, including diaschisis. Diaschisis refers to reduced activity, typically measured by blood flow and! or metabolism, in uninjured brain areas that have rich connections with injured brain areas 17 . In some studies, behavioral recovery is related to resolution of diaschisis, that is, restitution of brain activity in these uninjured areas that are distant from, but connected to, the site of infarct 16, 18, 19 .
Post infarct rehabilitative training rapidly improves motor performance and movement quality after an ischemic infarct in motor cortex. However, training-induced motor improvements are not reflected in spared motor maps until substantially later, suggesting that early motor training after stroke can help shape the evolving poststroke neural network 20 .
Brain Plasticity and Rehabilitation in Humans
Brain Plasticity Revealed by Functional Neuroimaging Recent advances in functional imaging of human brain activity in stroke patients, (positron emission tomographic (PET) and fMRI), reveal that cortical hemisphere contralateral to the infarction lesion plays an important role in this recovery process 21, 22 . There is also clinical evidence showing that the post ischemic reorganization occurring in somatosensory system of the contralesional (intact) hemisphere plays an important role for compensation for impaired functions 23 . The underlying mechanism of this compensation occurring in the intact hemisphere is important for optimizing the functional recovery of human stroke patients 21 . The brain, including the motor system, learns by repetition and training.
Many basic mechanisms, however, are still poorly understood, and rehabilitative training is largely evidencebased medicine 24 . Nevertheless there are no generally accepted guidelines and no definite recommendations concerning the timing, kind and intensity of stroke rehabilitation 25 . Stroke recovery is a complex process that probably occurs through a combination of restoration, substitution and compensation of functions. That is why it has been also difficult to translate results from rehabilitative studies in animals to recommendations for rehabilitative schedules in human stroke patients. A majority of clinical studies has been conducted in chronic stroke patients (>6 months after the stroke) as recruitment of these patients was easier and baseline performance had stabilized 26 .
These circumstances lead to functional outcome measure- 27 . Several studies showed that an increase of the excitability in the stroke-affected ipsilesional M1 by electrical devices resulted in improved motor outcome 28 30 .
The mechanisms of action of these techniques are under investigation but might involve changes in synaptic activity, gene expression and increases in neurotransmitter, receptor and neurotrophin levels 27 or even enhanced fiber sprouting 31 . A study of patients with stroke who had reached a plateau in motor recovery found that the volume of primary sensorimotor cortex activation in the ipsilesional hemisphere during affected hand movement was related to the level of behavioral recovery 32 .
Three Major Phases of Stroke Reaction and Repair 33
Neuronal reorganization and plasticity that follow stroke begin in the very early stages, continue for several weeks, and involve brain regions distant to the affected site. Imaging studies (PET, EEG and fMRI) have revealed widespread changes in patterns of brain activation during simple movements of the affected hand after stroke;
these alterations evolve over a timescale that is consistent with a gradual reorganization of the sensorimotor system.
1. The acute reaction to the injury and takes place in the initial hours when modifications become apparent in blood flow, edema, metabolism and inflammation.
2. A repair related epoch starts in the first days post 
Forms of Reaction to Stroke in Areas Which before Stroke Formed a Distributed Network
For remodeling and recruitment of areas three main forms of reorganization have been described: (1) increased cortical excitability in cortical regions distant from, but connected to the stroke core; (2) reduced lateralized activation; and (3) somatotopic modifications within intact cortical regions 25 .
1. Increased functional activity occurs in several cortical areas which include motor, language, attention and visual functions 23, 34, 35 . Widespread areas of cortical hyperactivity appear days after stroke and diminish within months post incident 36 .
2. Reduced lateralized activation reflects the increased activity in the contralesional hemisphere, which reduces the extent of inter hemispheric balance as demonstrated in many stroke studies 37, 38 . A subtype of the described increased activity as described in the first form or a passive event reflecting a reduced interhemispheric inhibition resulting from the stroke. Both phenomena, increased cortical excitability and reduced laterality, are related to spontaneous functional recovery 35 . Both are time dependent, increasing in the early weeks after stroke and decreasing over months thereafter. This decrease is greater among stroke patients with stronger functional recovery while the persistent increased activity over both hemispheres is greatest in those patients with the poorest outcome 33, 39 .
3. Somatotopic reorganization which implies that intact cortical regions in particular within the perinfarct area reassign their functions which they subserved before stroke and take over function, which have been affected or lost by the ischemic event. Some studies suggest that the largest degree of somatotopic reorganization is associated with very large stroke injuries 33 . Such map shifts occur in primary and secondary cortical areas 40 .
The schema of physiological recovery mechanism of hemiparesis in strokes is showed in Figure 1 .
NIBS in Neuro-rehabilitation

Cortical brain stimulation is a novel technology that may
show promise for improving motor recovery in the affected upper limb of stroke survivors most probably when it is combined with intense motor relearning. The idea of using magnetic or electrical stimulation to facilitate neural reorganization may be new, but the concepts have their origins in the very basic science techniques that have been used to understand neuroplasticity.
TMS and Connectivity
Facilitatory stimulation of ipsilesional M1 increases M1-supplementary motor area functional connectivity while inhibitory stimulation of contralesional M1 decreases contralesional but strengthens ipsilesional connectivity a pattern that is associated with improved motor performance 39, 41 . Additionally, stimulation of regions other than M1 also induces substantial connectivity changes in inter-connected brain regions.
Transcranial direct current stimulation (tDCS) applied over a specific region induces distant effects on network connectivity, which may conceivably impact behavior.
Modulation of distant neural regions via location-specific In addition, there is significant inter-individual variability in results depending on the state of the subject's or network's activity (state-dependency), and the task performed.
Given these neuroimaging patterns after stroke, it has been proposed that upregulation of activity in the ipsilesional M1 or downregulation in the contralesional M1 might contribute to improved motor control 42 . Numerous proof of principle studies have now been done with some reporting that increasing excitability in ipsilesional M1 through high frequency repetitive transcranial magnetic stimulation (rTMS) or anodal tDCS may yield improvements in motor performance or motor learning in healthy subjects 43, 44 and small clinical studies have demonstrated modest, yet variable, improvements in individuals with stroke 45 49 . Importantly for rehabilitation, it has been proposed that some of these changes outlast the period of stimulation 50, 51 . Similarly, downregulating excitability in the contralesional motor cortex in chronic stroke patients was also associated with improvements in motor function, along with increased cortical motor excitability in the ipsilesional M1 and decreased cortical excitability in the contralesional M1 52 54 . Consistently, low frequency rTMS or cathodal tDCS applied to downregulate excitability in the contralesional hemisphere resulted in motor gains. When applied for this purpose, single sessions of 10 25 min of rTMS over the contralesional M1
were reported to induce improvements in movement kinematics 52,55 59 .
Role of Functional Electrical Stimulation (FES) in Brain Plasticity
60
FES is able to change axonal conduction velocities, axonal growth, and the myelination of peripheral nerves 61 .
But the role of FES in the plasticity of the central nervous system (CNS) remains unclear. FES did not lead to acute neuroprotective events, highlighting the importance of cortical plasticity in the adjacent preserved regions of the ipsilateral cortex and its influence on behavioral motor recovery in rats 62 . Previous animal and clinical studies (Fig. 3a) .
After EMG-FES treatment, the SMC with dominant perfusion tended to change to the ipsilesional side (Fig. 3b) ;
however, this was variable across subjects. In a few sub- The patterns of cortical activity in our patients support the view that recovery from hemiparetic stroke depends on the recruitment of alternative systems even in the affected hemisphere 68, 69 . However, as observed previously in individual patients 70 , there were large inter-individual differences in cortical activity related to movement of the affected hand. These differences were probably due to differences in lesion location and extent, differences in performance, and possibly differences in functional ability 67 . Patients with excellent recovery of motor function after stroke activate the primary motor and premotor cortices bilaterally when executing a task with the affected hand 22 . Lewinski et al. 71 reported that clinical improvement was accompanied by an increase in ipsilesional SMC activation, as revealed by fMRI, and enhanced intracortical facilitation, as revealed by paired transcranial magnetic stimulation. Our study 65 was therefore in accordance with previous reports 72 , and support the notion There is a unique milieu of enhanced plasticity for 1 3 months after ischemic stroke, and that within this time window both spontaneous and intervention-mediated recovery from impairment is maximal 80 .
In the last step of recovery that is based mainly on rehabilitative training the spared and the new circuitry of the CNS is shaped by selection and stabilization of functional connections and pruning of the non-functional ones. Hebbian learning rules might play a crucial role in this step in the sense that Hebbian plasticity mechanisms redistribute synaptic strength to favor the wiring of pathways that are coincidently active 6 .
